ABSTRACT Extended x-ray absorption fine structure spectroscopy (EXAFS) is used to investigate the local atomic environment and vibrational properties of plutonium and gallium atoms in 
I. INTRODUCTION
Plutonium can exhibit at least six different solid phases, depending upon the temperature and alloying characteristics. 1 The face-centered cubic d phase is stable from T = 593 K to 736 K in pure Pu. At room temperature and below, pure Pu exists in the monoclinic a phase, which has a complex structure with sixteen atoms in the unit cell.
Small additions of Ga can "stabilize" the d phase in Pu down to room temperature. 2 Upon further cooling of Ga-doped Pu, a diffusionless martensitic transformation of the alloy occurs for Ga concentrations below 3.3 at%. However, the transformation does not go all the way to completion, resulting in a mixed phase alloy. 3 In the transformed regions, the d structure, in which Ga atoms are soluble, changes to the a' structure, in which Ga atoms are insoluble but effectively trapped due to the very slow diffusion rates of Ga in the a matrix. 2 This metastable a' phase consists of Ga dopant atoms trapped within a monoclinic a-Pu matrix.
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The transition from the d to the a' phase results in a 25% volume contraction.
This large effect is believed to be due to a change in the nature of the Pu 5f electrons from delocalized (a') to localized (d). Pu marks the transition in the electronic character of the actinides from the delocalized behavior of the light actinides (Ac-Np) to the localized, lanthanide-like behavior of the heavier actinides. 4, 5 Because of the large differences in the mechanical and electronic properties of the two phases, this complex d -> a' martensitic phase transformation in Pu-Ga alloys has been the subject of many experimental and theoretical studies. [2] [3] [6] [7] [8] [9] [10] The role of Ga in the transformation, its "stabilization" of the d-Pu phase at room temperature, and its location in the resulting mixed d-Pu / a'-Pu material are several important issues which still need to be resolved in the understanding of this system, and which are addressed by the results of this study.
Here, we use a combined approach of optical microscopy and extended x-ray absorption fine structure spectroscopy (EXAFS) to investigate the phase morphology and local atomic environment of plutonium and gallium atoms for a reference Pu/Ga alloy before and after the d -> a' martensitic partial transformation. The element-specific nature of EXAFS and its lack of a requirement for long-range order in the sample make it a suitable probe of the local structure surrounding the Ga and Pu atoms in a mixed d-Pu / and d phases is presented in Sec. IV, and the conclusions are given in Sec. V.
II. EXPERIMENTAL DETAILS
A. Sample preparation All sample preparations were done at Lawrence Livermore National Laboratory (LLNL) using bulk d-Pu from a sample batch of two-year-old 239 Pu alloy of known ~1.9
at. % Ga content. One bulk specimen of this reference alloy was maintained in the d-Pu phase as a control, while another specimen was quenched to 148 K (-125 o C) and held at that temperature for 9 hrs. This temperature corresponds to the "nose" of the temperature-time-transformation curve for ~1.9 at. % Ga-doped d-Pu alloy. 3 For this Ga concentration, the selected temperature was the one at which the d-Pu -> a'-Pu martensitic transformation is expected to proceed most rapidly. Pu phases present. In the partially transformed sample, the long, thin martensitic platelets are characteristic of the a'-Pu phase, while the uniform matrix is d-Pu. Based on the micrographs, the partially transformed sample contains 25 ± 5% a'-Pu and 75 ± 5% d-Pu by volume. Given the 25% volume difference between equal masses of the two phases, this corresponds to 29 ± 5% a'-Pu and 71 ± 5% d-Pu by mass. In order to achieve the preferred thickness for EXAFS transmission measurements, the two bulk pieces were reduced in thickness to ~14 mm in a series of sawing, lapping, and mechanical polishing steps. In the last step, the foils were electropolished down to the final thickness of 8-10 mm, which also removed any accumulated oxide material on the surface. All of these sample preparation steps were performed in an inert nitrogen atmosphere glove box. The sample was then encapsulated under nitrogen using a specially designed, triple containment x-ray compatible cell, as described elsewhere. 11 The triple-contained sample was subsequently mounted in an open cycle liquid helium flow cryostat for variable temperature EXAFS measurements. Temperature measurement errors are within ~1 K, and are stable within ~0.2 K. EXAFS measurements began 22 days after the partial d -> a' phase transformation was induced by the quench and isothermal hold.
B. EXAFS data acquisition and analysis
Plutonium L III -and gallium K-edge x-ray absorption spectra were collected at the Stanford Synchrotron Radiation Laboratory (SSRL) on wiggler side station beamline 4-1 under normal ring operating conditions using a Si (220), half-tuned, double-crystal Page 6 of 37, E. J. Nelson et al., PRB monochromator operating in unfocussed mode. The vertical slit height inside the x-ray hutch was 0.9 mm, which reduces the effects of beam instabilities and monochromator glitches while providing ample photon flux. The horizontal slits were set at a width of 1.8 mm, which is smaller than the diameter of the sample (2.8 mm). The Pu L III -edge spectra were measured in transmission mode using Ar-filled ionization chambers. The Ga K-edge spectra were measured in fluorescence mode using a 4-element Ge array solidstate detector developed at Lawrence Berkeley National Laboratory. 12 The detector was operated at ~25 kHz per channel and the Ga Ka fluorescence line was selected with single channel analyzer electronics.
XAFS raw data treatment, including calibration, normalization, and subsequent processing of the EXAFS and XANES (x-ray absorption near-edge structure) spectral regions was performed by standard methods reviewed elsewhere 13, 14 using the EXAFSPAK suite of programs developed by G. George of SSRL. Typically, two Pu transmission and four Ga fluorescence XAFS scans were collected from each sample at each temperature and the results were averaged. The Pu L III -edge spectra were energy calibrated by simultaneously measuring the absorption spectrum for the reference powder PuO 2 , while the Ga K-edge spectra were self-calibrated, due to the opacity of the sample at ~10 keV photon energy. The energies of the first inflection points for the reference sample absorption edges, E r , were defined at 18053.1 eV (Pu L III ) and 10368.2 eV (Ga K). The EXAFS amplitudes were normalized relative to the smoothly varying absorption background m 0 (E). The background optimization code AUTOBK 15 was used to fit m 0 (E) using a piecewise spline that minimizes the spectral weight of the EXAFS real-space
Fourier transform (FT) below R < 1.9 Å. 16, 17 All of the Pu-Pu interactions were modeled using single scattering (SS) paths whose lengths were derived from the Pu model structures determined from x-ray diffraction, namely unalloyed fcc d-Pu, a fcc = 4.6371 Å, 18 and unalloyed monoclinic a-Pu, a = 6.183
o . 19 The Ga-Pu SS interactions were modeled by using the same Pu model structures and replacing the central absorbing atom with Ga.
The EXAFS data were smoothed with a Gaussian peak of width Dk = 0.12 eV in order to reduce the experimental noise for better fitting. The amplitude reduction factor 
C. EXAFS modeling of a'-Pu phase
The a' metastable phase of Pu/Ga alloys consists of Ga dopant atoms trapped in an a-Pu matrix. The a-Pu structure is unusual for a pure metal in that the nearestneighbor distances form a distribution of values rather than one well-defined value. This distribution varies for each of the eight unique crystallographic sites (Pu1 through Pu8).
The distribution of bond lengths in each site is split between four (on average) shorter bonds of lengths 2.57-2.78 Å and ten (on average) longer bonds of lengths 3.19-3.71 Å. 19 Including all of these bond lengths in a fit to the EXAFS data would not be meaningful, so we chose to approximate the bond length distribution in a'-Pu by two component peaks in the EXAFS FT, which correspond to the average short and long nearestneighbor bond lengths, R a1 and R a2 , respectively.
The eight a'-Pu site structures (with either Pu or Ga as the central atom) were simulated using FEFF8.1 16, 17 to give eight different EXAFS patterns, as shown in Figure   2 . The effect of temperature was included using the DEBYE card of FEFF8.1 and a pure a-Pu Debye temperature, q cD , of 201 K. 20 The EXAFS spectra for all eight sites were averaged with equal weights to produce the spectrum seen at the tops of In order to determine appropriate starting parameters, i.e. coordination number N, distance R, and Debye-Waller factor s 2 for these two a' shells, the site-averaged model a'-Pu EXAFS data was fit as a function of temperature using a two-shell fit. The k range and S 0 2 were fixed to match that of the experimental data, and the coordination numbers were fixed at N a1 = 4 and N a2 = 10 in agreement with the site-averaged coordination numbers of a-Pu. For each temperature, the ratio of the fit Debye-Waller factors for the two shells was determined. The Debye-Waller factor ratio was found to be almost constant over the entire temperature range, with values of s a2 2 / s a1 2 = 1.64 and 1.60 for the Pu and Ga EXAFS, respectively. This ratio was then used to link the Debye-Waller factors of the R a1 and R a2 shells for the a'-Pu part of the fit to the measured EXAFS of the mixed phase alloy.
III. RESULTS
A. EXAFS data and structural results Since the fit is improved by adding a a'-Pu short bond component at R a1 = 2.62 Å, this peak can be attributed to the short bonds in a'-Pu, which range from 2.57-2.78 Å in length. 19 The coordination number for this component is N a1 = 1.2, which is 30% of the average a'-Pu short bond coordination number of 4. In order to correctly model the Pu local environment in a'-Pu, a longer bond component with R a2 = 3.36 Å is included with N a2 = 3.0, which is 30% of the average a'-Pu long bond coordination number of 10. The curve-fitting results summarized in Tables I and II To study these thermal effects more carefully, the temperature dependence of the EXAFS Debye-Waller factors is modeled by employing the correlated-Debye model to determine the Debye temperature. This formalism [24] [25] previously has been used to determine the pair-specific Debye temperatures for Pu-Pu and Ga-Pu bonds in 3.3 at%
Ga-doped single-phase d-Pu. 11 For the mixed phase sample, we use EXAFS to separate the differing thermal dependencies of the nearest neighbor interactions in a'-Pu and d-Pu.
Using this formalism, we obtain the fits shown in Figure 7 . The fit of the model to the data is very good for both phases, indicating that the local pair vibrations can be described using the correlated-Debye model. From these fits, we determine pair-specific correlated-Debye temperatures q cD of 120 ± 3 K and 159 ± 13 K for the Pu-Pu first shells in d-Pu and a'-Pu, respectively (Table III) (Table III) 
IV. DISCUSSION
In d-Pu, the Ga-Pu bond Debye temperature is much larger than that of the Pu-Pu bonds, which is consistent with previous observations on a 3.3 at% Ga-doped d-Pu alloy. 11 In a'-Pu, the Ga-Pu bond Debye temperature is also larger than the Pu-Pu bond Debye-temperature, but the difference is not as large as in d-Pu. The Debye temperature q cD may be directly related to the force constant f E of the bond vibration through the relation [27] [28] 
where the reduced mass m is equal to 54.0 amu for the Ga-Pu bond and 120.0 amu for the Pu-Pu bond. The constant 0.787 arises from assuming the relationship between the Debye and Einstein frequencies for an fcc lattice, 28 which is an average of the hightemperature and low-temperature trends. Table IV The most interesting comparison is the ratio of Ga-Pu to Pu-Pu force constants in the a'-Pu and d-Pu phases, as this provides information on the role of Ga in the degree of stability of both of these phases. For d-Pu, the Ga-Pu bond is similar or marginally stronger than the Pu-Pu bond. Thus the Ga-Pu bond has a strengthening role in the formation and "stabilization" of the d-Pu phase. This result was also seen in the EXAFS study of the 3.3 at% Ga-doped d-Pu alloy; 11 however, in that case the Ga-Pu force constant was ~50% stronger than the Pu-Pu force constant. In the case of a'-Pu, the GaPu force constant is ~30% weaker than the Pu-Pu force constant. The weaker Ga-Pu bond strength suggests that Ga does not strengthen the surrounding a-Pu structure, and agrees with the observation that the a'-Pu phase is metastable and that the randomly substituted Ga sites may eventually diffuse out of a'-Pu, or possibly order into lower energy sites within the a'-Pu structure. 29 However, as seen from the lack of change in the data after eight months, the kinetics of this Ga diffusion is very slow under ambient conditions. Thus, from the thermal dependence and phase specificity of EXAFS, we can directly measure bond properties which may be related to the change in role of Ga atoms from a phase "stabilizer" in d-Pu to an insoluble dopant "trapped" in a'-Pu.
By comparing the force constants of the different bonds across the two phases, we can determine how these changes in stabilization arise. The Pu-Pu bond strength is 40%
smaller in d-Pu than in a'-Pu. Since bonding that is more covalent and delocalized is in general stronger than more ionic and localized bonding, the measured difference in Pu-Pu bond strengths may be related to the localization of 5f electronic charge in d-Pu as Page 18 of 37, E. J. Nelson et al., PRB compared to the more delocalized metallic character of 5f electrons in a-Pu. 4, 5 In contrast, the Ga-Pu bond strength decreases only by 15% in going from a'-Pu to d-Pu.
Given that the measured Pu-Pu bond strength changes dramatically in going from a'-Pu to d-Pu while the Ga-Pu bond strength does not, and that the changes in the Pu-Pu bond strength may be related to the localization/delocalization of Pu 5f electronic charge, these results may suggest that the solubility or insolubility of Ga in d-Pu and a'-Pu, as well as the difference in stability of the d-Pu and a'-Pu phases, is due to the localization or delocalization of charge in the Pu matrix, rather than changes in the Ga-Pu bonding. This assertion is supported by the observation that a number of other elements -e.g. Al, In, Sc, and Ce -can be interchanged for Ga with the same effect of stabilizing the d-Pu phase over a broader temperature range. Ga-Pu 
